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W R T P05 0 A PR A A R T 1

PRI, B ATTE G TP R R A
35§, L OG- 3 18T T 1 SR B ZnIn,S, 19 A DG 58 38 1R
BRI, FRATTR P R A e 3R T A R A
Wi, 145 T 8 & B A Y Znln,S, YeHEALH] , 3443
DR TIA R B A B S i S = A ) A VAL e AN 7
F = F L IRAL B (STAB) 1175 i 3 — H BE b
(CTAB) PHES 2R 1A & M RME A S (1 Znln,S,-STAB Al
ZnIn,S,-CTAB I H 0 g Vi FE A e ke, 1T At K
YER BB AT LA AR F -, OB A #1585,
HEA -2 R A, SR TS MR Y
ARG, DT S 25 8 i 7O F R SRR . 4,
ARG, RANEHEFEMS 1Y Znln,S, 558 %
LS AT

1 SLIGER S

1.1 3

+ 75 e JE = H YR Ak 2 (CTAB, Cetyltrimethy-
lammonium bromide). +/\ %3k = F 3771044 (STAB,
Octadecyltrimethylammonium bromide), -t 7K & #i /2
FE(ZnS0,- TH,0), VKA AL (InCly-4H,0), #iAC
LT (Thioacetamide), — Z B% (Triethylamine), %J 2%
I (BQ, Benzoquinone), i fk4i (CuS). A ALAF(ZnO),
TAAARBR(TION, LR B BIVO,), BRALHE(CAS), 7K
FH i (Benzyl alcohol), % Hl [ (Benzaldehyde), 7% H
li# (Benzoic acid), Z.Ji&(Acetonitrile). 48— F 7 (1,2-
Xylene): b BTHL T A AL BB B Ay A R A A5 i
WAL PR (K,S,05): 22 M i Ak 22 iR AT BRA ) 5 2
(Ethanol), FZ8(Toluene): KELRAL TRHEA RA
A) L A GR B 4t
12 #REEI&

NA] Znln,S, 1l £ . FREL0.29 g ZnS0,*7H,0 .
0.59 g InCl,+4H,0 F110.24 ¢ STABVAf#1E 70 mL £ 5
TR BEEFREL0.33 g it AN L WERE (TAA) A%
IR EEWCR, RIZERE 30 min )5, BT IRFLA @
AR AL 100 mL R VUIR LA s R 2 RS R, A8
160 CAYHERT AR EE 12 he 7 7L U BUH A Al
Z A ERER, R OBEETEY), TR AR T
IKHN Z BN DR . TR 7E 60 “CRYELZS T

R AR X=

Co~ Clholuene

MRAE 4R 12 b FTARRE AR 80 Znln,S,-STAB. X
THA0.22 g CTAB K HITHHEFITF RN IR, 2omh
ZnIn,S,-CTAB. XA NN MG RSB, £
7N Znln,S,-Blank.
1.3 HREIRL R RE R SR F I RERAE

SR FH 25 555 L1 0BT (TEM) T3 43 3 23R 35 S H
TR (HRTEM) RAEFE S AR SO A5 . R
FH X 5 26 417 F (XRD, Bruker D8 Advance) & fIFFf i
) A AHZE R . SR HTEE AN - ) DL (UV-vis) 18 U3 oot
J& 3+ (Thermo Fisher Evolution 220) FEAFALSH 1 £84) -
AL LGIR WP BE . SR T B 5 2% A 4R (EPR, Bruker
a300 EPR Spectrometer) Y 35 il 12X A i 2485 #4) sk i A1
B b A i E AR . SR X OGHL TBETE (XPS)
WX ARAT &R W T 455 A8 DL eIl
1F = M Mt & 42 (CHI-660E, Chenhua Instruments Co.,
China) F#EAT, SRV R HUBRAE Ry X Ha i, 2 LEHILR
SRR AT H R AR, R R DIRTE B 20 R
1% (Fluoride Tin Oxide, FTO) 3 FAE R TAEFEAL .
HL# AR 0.5 mol/L Na,SO,. fii HIH 45 400 nm JE
WY 300 WAKTAEADGIR, SERE =R T U T
L4 St HERETH

O A B2 N AE A A B R R &
(YZPR-100 mL, A AEAAR A BRA 7D FRtA . S
300 Wik (PLS-SXE300/300UV, dtatifdEseflHify
RS HD), A7 A7 400 nm BUEIESE R . JrE R - BRI
20 mg e A (£ 45 ZnIn,S,-Blank . ZnIn,S,-CTAB
Znln,S,-STAB ., CdS. CuS. ZnO. TiO,. BiVO, B{
2-C3N,). 0.45 mmol I 815 mL Z g A B 5 7 42
RS, B S S min, SRR REHAE R 28 rh R
B 5 FH 0.5 MPa S0 25 LB 8 N AR 101k
JBEAE25 CHUH H T #E4T, i Hl 16 9 R g 4t
FERVIREE , SO i B . ROV, WS mAR
RN AR, SOBBAAR T AL 0.22 pm Y JE T2
JRisd i 2 B A, IR 35 (GC, Shimadzu
GC 2014, HP-5 column, 50 m x 0.32 mm x 0.50 wm),
MR AN (FID) #6470 Hr . LR R Tt
TR R AL MR AR L R R I (BA), A
BE(BAL) MR HT R (BAD) FREFEPE:

K, ¢ M ARBIPIIERE 3 Cromenes Coan Cpar F

x 100%
Co

H AL 0% - Rate = STl 1009,

cat X
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SRR Sym —— 2 % 100%

Cpqt Cpart Cpap

. c
AR Sy =——2 % 100%
Cpyt Cpart Cpap

RN : Sy e —— 2 100%

Cpq+ Cpart Cpap

Coap TP AR | SRS RHIEE . KH R NS % Znln,S,-CTAB 1 ZnIn,S,-STAB ¥ H. 4 52 3% 19 1€

VRS | m, ALY okt R R R ] ARZERY . P IRLERTET I . 3 EL AN i 1

s (()-()) JIF 7%, ZnIn,S,-STAB F1 ZnIn,S,-CTAB Yt fi#
2 BRGIHE SR SRS 2 B 1] BB R e B S
21 A SRR . TR, 25 R AR (T 1

& 152 3 Fh Znln,S, YA AL FI 0935 5 B 45 (TEM) PRI Znln,S, SCHEAL A H A5 M08 R H - H S,
FIEG 43 B 57 HL B85 (HRTEM) % . i 1((a)-(b))  [RIESA B T Re b G 7 2 i fE ik b . o, Il
FER , RIS B ZnIn S, GAL R R B gk R Znln,S, A& AR SCR 1B R 0.322 nm, X B T
P4 = AEAEAR LS H . ZnIn,S,-Blank YEMEALFIE 757 @K ZnTn,S, 119 (102) i .
TR HE R T B0 A BR () A, 7 D M RME I S

ZnIn;S;dO2™ o~

0322 1m1_“. s .

S Tt 22414 N ARt

- . - '0,32?_11111" « :- b 3 L o -‘-“ \ - . _- Y

1 (a) ZnlIn,S,-Blank; (b) ZnIn,S,-CTAB FI(c) ZnIn,S,-STAB /Y TEM [£11% ; (d) ZnIn,S,-Blank: (e) ZnIn,S,-CTAB I
(f) ZnIn,S,-STAB ) HRTEM [

Fig.1 TEM image of (a) ZnIn,S,-Blank; (b) ZnIn,S,-CTAB and (¢) ZnIn,S,-STAB; HRTEM image of (d) ZnIn,S,-Blank;
(e) ZnIn,S,-CTAB and (f) ZnIn,S,-STAB

22 BRIKERISHT STAB A XRD i & ¥ 5 45 fE K b 75 5 #H Znln,S,
Bl 2 2 3 Bl ZnIn,S, O i 16 55 Y XU ZE A7 B (JCPDS-72-0773, a=h=0.385 nm, ¢=2.468 nm) A4 77 5
(XRD) j%I&l . ZnIn,S,-Blank | ZnIn,S,-CTAB Fl ZnIn,S,- W%, 3 W 32 I 15 1 7 08 1 A Bt 2 Znln,S, 1 5
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SR . FRIEAT T2 0 = 21.5° | 27.7° | 30.5°
39.7° | 474° | 52.0° | 55.8° | 762° 4 W%t N T
75 7 A8 Znln,S, #9(006). (102), (104). (108). (110),
(112). (202) F1(212) F4ifi . ZnIn,S,-CTAB 1 ZnIn,S,-
STAB [1(006) ¥ T 4 Znln,S,-Blank ¥4 [ 55 £ )&
¥, IR IEEFIE A2 Znln,S, 19 F 2S5 8 5]
T SR ¢ Bl AR . 534, ZnIn,S,-CTAB F
ZnIn,S,-STAB [1J(104) F1(108) {5 i 115 5 W5 2 1
RS, R IEPER I A T SRS F4 1)
R, RO ISR R AN, A R
R & B A 2 (U oAk . oo EAR
S5) WA S5 5 0, SR 3 F Znln,S, S A AR 1 15
alifig .

T (006)
(102)
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~
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~
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- (202)
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(212)

Intensity (a.u.)
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L | "I A P I wod e o o 0
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20/ (°)

€2 ZnIn,S,-Blank , ZnIn,S,~-CTAB I ZnIn,S,-STAB [#J
X BTAT T
Fig.2 XRD patterns of Znln,S,-Blank, ZnIn,S,-CTAB and
ZnIn,S,-STAB

2.3 ERERBES T

&1 3 J& 3 Flt Znln,S, D6 f# £k 71 (1 B2 7 [ JiE e P
(ESR) #1i%# . ZnIn,S,-Blank |, ZnIn,S,-CTAB F1 ZnIn,S -
STAB 4 7£ ¢ {5 4 2.002 Zb WL 22 2] T V4 & T Znln,S,
BRI B ESR A S i 0 S T I M B A )
ZnIn,S,-CTAB H1 ZnIn,S,-STAB, FC 4 Bk [ 69 (5 5 %
55 85 O S 3 i, O L R v R A e R
LR BR B 115 5 W0 B o . PRI, R T 1)
1346 A B Znln,S, R EE K, SEUZ M ZS B, 5]
AEZE R AL, R HE T AT T R B B TR B, T
TR A 2 TAT T PR ) STAB 23| 72 B K Ay 4% #4) Wi
AR PR Z B . 5 TEM A1 XRD 35 & A 45

ZnIn,S,-STAB

~
ZnIn,S,-CTAB

\

ZnIn,S,-Blank

Intensity (a.u.)

g=2.002

1.95 2.00 2.05

g value

[¥]3 ZnIn,S,-Blank , ZnIn,S,-CTAB F1 ZnIn,S,-STAB 1)
ESR ¥ ]
Fig.3 ESR spectra of Znln,S,-Blank, ZnIn,S,-CTAB
and Znln,S,-STAB

—3.
24 BETSLEHISHT

] 4(a) J2: 3 Fh ZnIn,S, AL A S50 0] WL
e . F SRR ZnIn,S,-CTAB Fl Znln,S,-
STAB %) 48 &1 AT U, W Wt 't 1% 388 R A& M 19 ZinIn,S,-
Blank E BT i R B4, XFh s A 5
R 700 118 00 8 Ah R G I, 9 T I P R s il
BE B AR 1, (LRI IR B €5 . 38 1) Kubelka-
Munk J5 ¥, 115815 3] ZnIn,S,-Blank . ZnIn,S,-CTAB
F1 ZnIn,S,-STAB 3 Ol A Ak 71 (14 g 45 8] PR Eg (B 53
A 2.43, 2,53, 2.58 eV, Ui 4(b) . El4(e) &
3 ZnIn,S, YEHEAL T B9 BL4F - B 48 3L (Mott-Schottky)
Mgk . LIBRIEH K B2 HH I (SCE), ZnIn,S,-Blank |
ZnIn,S,-CTAB F1 ZnIn,S,-STAB 3 Fl ik 4k 7] 14 - 447
DEE Y -0.26, -0.42, —0.61 eV, PETTIFE HH:
AL E AN -0.32, 048, —0.67 eV. Z5EHEMF
6] B Eg {8, 31754 H ZnIn,S,-Blank . ZnIn,S,-CTAB il
ZnIn,S,-STAB 3 FlG i A (0 s 07 & 403l hy 2.11
2.05. 1.91 eV, GnE 4(d) 7w . #HEETF Znln,S,-Blank,
FETHD 1% MM 5 19 ZnIn,S,-CTAB #1 ZnIn,S,-STAB
FIRE DB LA T 1S
25 FEEMERESHT

15 R 3 F Znln,S, S A £k 71 19 56 H Ak 2% 3t
S50 BRI R &5 SR KB, Znln,S,-CTAB I
ZnIn,S,-STAB 1% Jt; Hi Jii 5 Ji 2 38 38 /& T Znln,S,-



B BEAE: REIETERIBG Znln,S, YeHEAL P Ak B L E AL

417

‘L)

*cm

1/ C¥ (10°

&4 ZnIn,S,-Blank . ZnIn,S,-CTAB 1 ZnIn,S,-STAB ) (a) UV-vis & S HYEIE ; (b) HBRHE & ; (¢) Mott-Schottky [EI Al

-2

Current density/ (pA + em™)

Fig.5 (a) Photocurrent response; (b) EIS Nyquist plots of ZnIn,S, -Blank, ZnIn,S,-CTAB, and ZnIn,S,-STAB
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Fig.4 (a) UV-vis diffuse reflectance spectra; (b) The band gap energy; (¢) Mott-Schottky plots, and (d) Positions of the conduction and
valence band edges of Znln,S, -Blank, ZnIn,S,-CTAB, and ZnIn,S,-STAB
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Blank, #&BH T Z1f G MR B BENS B 2 $E T 6
PR3 B0 A 3 T2 B BE 0. sk BB R
(EIS) 7K , ZnIn,S,-CTAB £ Znln,S,-STAB 1) H I 2
2% i 2% /N T ZnIn,S,-Blank, 1M ZnIn,S,-STAB i H,
PR RN, RSB T - 2B E A&
3, HA SR DG A B AT RCR D Seikak s
BB IE VR I P R BRI OEA B, I

POLE R T 1058, WO E R T I A
I, Znln,S,-STAB ) i B okt 563 94 J3& Sy 400 il D A= v
- E AR TERHIELTT, i e 1O
PR T BaeR
2.6 SLIENIERES T

R VEARDEHEARITEA R ROV Z64F T Bt
PR ZR AL TR PESE R . X T WL B 52 e i

®1 FRFHTREAEXAUFTEER

Table 1 Photocatalytic conversion of toluene under different reaction conditions”

Entry Catalyst frate/ C /% o

(pmol g, +h™) BA BAL BAD
1’ TiO, 128.7 0.6 100.0 0.0 0.0
2" Zn0 31.9 0.1 100.0 0.0 0.0
3 BiVO, n.d. 0.0 n.d. n.d. n.d.
4 CdS n.d. 0.0 n.d. n.d. n.d.
5 CuS n.d. 0.0 n.d. n.d. n.d.
6 g-G3N, n.d. 0.0 n.d. n.d. n.d.
7 ZnlIn,S,-Blank 203.4 0.9 94.3 5.7 0.0
8 ZnIn,S,-CTAB 794.9 3.4 94.9 5.1 0.0
9 ZnIn,S,-STAB 1052.6 4.4 92.7 5.0 2.3
10° ZnIn,S,-STAB 909.9 42 96.5 35 0.0
11 ZnIn,S,-STAB 32.6 0.1 100.0 0.0 0.0
12° ZnIn,S,-STAB n.d. 0.0 n.d. n.d. n.d.
13' No catalyst n.d. 0.0 n.d. n.d. n.d.

a. Reaction conditions: 0.45 mmol of Toluene, 20 mg of catalyst, 5.0 mL of MeCN, O, atmosphere, 300 W Xe lamp, visible light (A >

400 + 20 nm), 1 h; b. UV-vis light; c. Air atmosphere; d. N, atmosphere; e. No irradiation; f. No catalyst. S stands for selectivity, C

stands for conversion. Rate stands for toluene conversion rate and n.d. means not detected.

FEFTIO, F1 ZnO, 7ELAN - v WOGRRE T, HH R4
b ZE 43 91 128.7 F131.9 pmol-g,, ' *h™ (&1, 5
H 1#12), 1 TiO, A1 ZnO 7 0] UL B 5 347 AR A6
B R E AL =W 89 4 . % T BiVO, . g-C3N,. CuS
T CAS S5 UL AT UL B e A A 7, £ mT Do e
ST AR A I ) R B A s (R 1, K H 3L 4,
5. 6). ML EiRefEfb ], Znln,S, 76 Y64k F R 4R
b 5256 v B A8 v AR AR TS 1 . ZinlngS,-Blank 11
R L R 5 51 203.4 wmol g, '+ b, HE

PIEREME R 94.3% (3 1, 55 H 7). FRIuTEHEREMS
1) Znln,S, 2 B H B 55 1) S WL 364 , ZinIn,S,-CTAB I
F R L AL 3R 794.9 pmol - g~ +h™', ZYJ& Znln,S,-
Blank i 4 f5(F 1, 45 H 8). ZnIn,S,-STAB [ 1 % #%
Ab R R 4 155 (1052.6 umol « g(,m_l -h™), )52 Znln,S,-
Blank [ 5% , P2 WA F I AR PR M 92.7% (e 1, 2%

s AN

H9). 540, B985 T Znln,S,-STAB 7EA ] SU4R T B

fEACPERE . AT AR A, 62 URE T, Znln,S,-

STAB 3SR 2 B B4y B O A4 T R AR T 4, 1Y
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R AL R AT DL IK £ 909.9 Mmol'gm,_l'h_l(%:zl, %
H 10). TEATHHE T, A 2R G 0 28 YR AE i,
AIREVR TA R P AETE M R (R 1, R E 1D X
oSk B, FETCOG BT REAL R 2R T, ARA

L (a)

I Toluene conversion rate

1000 L

-
=
=800
3
£
2 600 -
2
=
£ "0
Z 400
@
>
=
<
&)
200 | e
K,S,0; BQ TEA

Blank

R AR (R 1, 25 H 1281 13), BiHI%
SR AR B AL S
2.7 SEUHIRS T

&1 6(a) J2 5 103k B8 B2 1 (K,S,00) . AT (BQ) FI

ZnIn,S,-STAB(light) b)

N

ZnIn,S,-STAB(dark)

Wiy

ZnIn,S,-Blank (light)

Y

Intensity (a.u.)

1 1 1 1
3460 3480 3500 3520 3540 3560
Magnetic field(G)

&6 (a) ZnIn,S,~STAB _EAfi FHAS [ 44 55 () X6} 1R 5256 F1 (b) ZnIn,S,-STAB il ZnIn,S,-Blank (1) J5A EPR Y1
Fig.6 (a) Controlled experiments with different scavengers over ZnIn,S,-STAB and (b) in situ EPR spectra of ZnIn,S,-STAB
and ZnlIn,S,-Blank

S CWE(TEA) 3R TR EA T X0) RS2 06 A 16 PR 285

S ESE T A H (o), A H 3 -0,) Ak
H 235 Uh®) B TS PE R Znln,S,-STAB YGAE AL F &
SEALTH PR AR ) S BRRR
FH R (4 AL SR M A 2, DDA FR X6 s N T
PERYSZ A PR . AR EUH BRI R R S, R 5L
AR 2R R, DI A B R XTI RO F G
LA A W E R R E AR R
160,77 A, T IE PE B J5 1Y) Znln,S,-STAB, H
i R e J32 0 3 1 R, T e i A Ry H - Ji A P B
B A R 7R G AE RE AA A
MR T T =B R L R DR RE . IAZS X
TG4 = e, R R A T R A2 2 I S 41 o
FUPEAEZS FORMEAL R A B3RS ) . Bl 6
(b) 42 ZnIn,S,-STAB F1 ZnIn,S -Blank ) 5} EPR (1% .
BRI A DMPO SRy F H AR, 25 58 s O
A Y R O A LD R ZningS,-
STAB L% A 2L 115 525 T ZnlIn,S,-Blank, iX
Sk ba A B T2 S0 4 B B A O 25 A Y

. B 6 MR SRR, e FRIE S5 T
Sl R 2R AL R, TR AR A R AR SRR
IO P SRR P
2.8 FREMEMRK

] 7 J2 ZinIn,S,-STAB YA AL 75 10 96 21 R e 4
TSN HIEJE AR A R AE X H . /] 7(a) 25 R
ZnlIn,S,-STAB 7E A Ak F 2R £ 48010 i B AT FH XA
I RS e M, 3 AR A 52 56 LA S ZnIn,S,-STABAK [H
TREA T 736.3 pumol-g,, ' -h ) FH ORFL (b %, 55 4
GRS, Znln,S,-STABHEALHI LB 1 B B Ay
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Fig.8 Proposed reaction pathway for the photocatalytic oxidation of toluene
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Photocatalytic Selective Oxidation of Toluene over Surfactant-
Modified ZnlIn,S,

DI Lu'", ZHAO Sheng-nan™", LI Xin-gang’
( 1. School of Materials Science and Engineering, Nankai University, Tianjin 300350, China ;
2. School of Chemical Engineering & Technology, Tianjin University, Tianjin 300354, China ;
3. Shandong Shouguang Juneng Golden Corn Co.,Ltd., Shouguang 262700, China )

Abstract: Znln,S,-CTAB and Znln,S,-STAB photocatalysts with rich sulfur vacancies were prepared by a
hydrothermal method via the modification of ZnIn,S, with cetyltrimethylammonium bromide (CTAB) and stearyl
trimethylammonium bromide (STAB). All samples were characterized by transmission electron microscopy,
X-ray diffraction, UV-vis diffuse reflectance absorption spectroscopy, electron paramagnetic resonance and
photoelectrochemical performance test. The photocatalytic selective oxidation of toluene was conducted over all
ZnlIn,S, samples. The conversion rates of toluene over ZnIn,S,~-CTAB and ZnIn,S,~-STAB reached 795 and 1053
pwmol g, *h™', respectively, which were 4 and 5 times higher than ZnIn,S,-Blank. More importantly, the selectivity
of benzaldehyde was above 92% over both ZnIn,S,-CTAB and ZnIn,S,-STAB. The mechanism studies demonstrated
that surfactant-modified ZnlIn,S,-CTAB and ZnlIn,S,-STAB displayed higher contents of sulfur vacancies than the
unmodified ZnlIn,S,-Blank. The capture of photogenerated electrons by sulfur vacancies promoted the separation
efficiency of photogenerated carriers, thereby achieving efficient photocatalytic selective oxidation of toluene.

Key words: photocatalysis; ZnIn,S,; sulfur vacancies; surfactant; toluene oxidation



